We describe a novel flow cytometric approach using a two-step acquisition technique to determine the cytoplasmic immunoglobulin light chains (LC) expression. Samples were prepared by a lysed-wholeblood technique and incubated with CD38-PE (phycoerythrin) and CD45-FITC (fluorescein isothiocyanate). The cells were fixed and acquired on an FACSCalibur flow cytometer (first acquisition). The cells were then permeabilized, incubated with either kappa-FITC or lambda-FITC and reacquired (second acquisition). Analysis of the data was performed by gating on the differing intensities of CD38 and evaluating them for the presence of a shifting FITC-positive population from the first acquisition to the second acquisition. The FITC fluorescence intensity of the second acquisition was equal to the sum of surface CD45 expression obtained during the first acquisition and the cytoplasmic LC expression obtained during the second acquisition. Thus, the shifting (increase) of FITC fluorescence intensity during the second acquisition is specifically due to the cytoplasmic expression of either the kappa or lambda LC. We studied 15 multiple myeloma (MM) patients and 10 controls (samples from patients without plasma cell dyscrasias). None of the controls showed evidence of any clonal populations. Thirteen of 15 MM patients exhibited clonal plasma cells (CD38 bright), ranging from 0.01% to 34% of total events collected. In addition, we identified another minute clonal population of lymphocytes (CD38 dim, CD45 bright, low forward and side scatter) in 12 of 13 MM patients with clonal plasma cells. This population, ranging from 0.01% to 0.6% of total events collected, had the same LC restriction as the clonal plasma cells. Patients with a ratio of minor clonal population to clonal plasma cells less than 0.07 tended to remain in partial or complete remission than those with a ratio >0.07 ( 4 ⁄ 5 versus 1 ⁄ 4, P < .1, 2 ). We conclude that this method is highly sensitive and permits us to identify the minute clonal population of lymphocytes in MM patients. Our preliminary observations with a small cohort of patients imply that this minute clonal population may have important prognostic significance. The prognostic significance should be confirmed by further studies. Flow cytometric evaluation of cIg LC has many theoretical advantages over the other methods mentioned above, including simultaneous multiparametric analysis of a large number of cells, computer-aided methods of quantification, and comparatively rapid results. However, routine clinical flow cytometric determination of cIg LC in plasma cells has met with a number of obstacles. Initial flow cytometric methods for detection of intracellular (cytoplasmic/nuclear) antigens in lymphoplasmacytic cells were acknowledged as laborious, technically difficult and not reliably reproducible (1-3). Recently, a variety of permeabilizing agents, such as Triton X-100 (Sigma, St
Accurate determination of cytoplasmic immunoglobulin (cIg) light chain (LC) expression is important for differentiating reactive plasmacytosis from a clonal plasma cell dyscrasia. The former is caused by polyclonal proliferation of plasma cells; the latter results from clonal proliferation of plasma cells showing LC restriction. Currently, there are several methods available for measuring cIg LC, such as immunohistochemical stain, in situ hybridization for LC mRNA, flow cytometry (FCM) and immunofluorescent stain.
Flow cytometric evaluation of cIg LC has many theoretical advantages over the other methods mentioned above, including simultaneous multiparametric analysis of a large number of cells, computer-aided methods of quantification, and comparatively rapid results. However, routine clinical flow cytometric determination of cIg LC in plasma cells has met with a number of obstacles. Initial flow cytometric methods for detection of intracellular (cytoplasmic/nuclear) antigens in lymphoplasmacytic cells were acknowledged as laborious, technically difficult and not reliably reproducible (1) (2) (3) . Recently, a variety of permeabilizing agents, such as Triton X-100 (Sigma, St Louis, MO), Permafix (Ortho Diagnostic Systems, Raritan, NJ) and FACS lysing solution (Becton Dickinson Immunocytometry Systems, San Jose, CA) have enabled access to intracellular antigens without severely altering important light-scattering properties (2, 4 -6) . These methods have somewhat improved the accuracy of cytoplasmic cIg LC determination by FCM.
Even with these newer and more sensitive techniques, the interpretation of results can sometimes remain very difficult, particularly when the number of plasma cells is small. Thus, determination of cIg LC by FCM has not been commonly used in clinical FCM laboratories.
To improve the measurement of cIg LC by FCM, we have developed a novel flow cytometric approach using a two-step acquisition technique. This method is highly sensitive with the ability to detect clonal plasma cells numbering as few as 0.01% of total events collected. This sensitivity is in the range of minimal residual disease detection. Additionally, this method permits identification of a minute clonal population of lymphocytes expressing cIg LC. The results of this pilot study imply that this population might have important prognostic significance for patients with multiple myeloma (MM). Further studies are indicated to confirm our observation.
MATERIALS AND METHODS

Patients
Twenty-five samples, 5 peripheral blood and 20 bone marrow, were obtained from 15 MM patients (Cases 1 through 15, Table 1 ) and 10 control patients (Cases 16 through 25, Table 1 ). The 10 control patients had marrow examinations for hematologic disorders other than plasma cell dyscrasias, including myelodysplasia, anemia and thrombocytopenia. The MM patients studied included patients at variable stages of disease including newly diagnosed, complete or partial clinical remission, and progressive disease.
FCM with Two-Step Acquisition
Bone marrow and peripheral blood specimens, anticoagulated with either EDTA or heparin, were processed using a lysed-whole blood technique with ammonium chloride as a lysing agent. Samples were then washed and resuspended with RPMI buffer (Gibco, Grand Island, NY) to a concentration of approximately 2 ϫ 10 6 cells per mL. Cells from each sample were placed into two tubes. Both tubes then incubated with phycoerythrin (PE)-coupled anti-CD38 and fluorescein isothiocyanate (FITC)-coupled anti-CD45 (Becton Dickenson) at 20 to 25°C for 15 minutes in the dark. After incubation, the cells were fixed using 150 L of Reagent A (Fix & Perm Kit, Caltag Laboratories, Burlingame, CA). Next, 3 mL of phosphate buffered saline with sodium azide was added and samples were centrifuged for 5 minutes at 400 ϫ g. The cell pellet was resuspended in 300 L of phosphate buffered saline and 20,000 events were acquired in list mode on an FACSCalibur Flow Cytometer (Becton Dickenson) using CellQuest software (first acquisition).
After the first acquisition, cell membranes were permeabilized by adding 150 L of Reagent B (Fix & Perm Kit) into the same tubes. After permeabilization, one tube was incubated with FITC-coupled polyclonal anti-kappa LC and the other with FITCcoupled polyclonal anti-lambda LC (DAKO, Carpinteria, CA). After incubation, 50,000 events were collected (second acquisition) from each tube. Analysis of the data was achieved by gating on the differing intensities of CD38 and evaluating them for the presence of a shifting FITC-positive population from the first acquisition to the second acquisition ( Figs. 1 and 2) .
The background fluorescence level for each specimen was established using cells incubated with appropriate fluorochrome-coupled isotype control antibodies. Fluorochrome compensation was adjusted electronically, utilizing normal peripheral blood leukocytes labeled with FITC-coupled anti-CD3 and PE-coupled anti-CD19.
FCM with One-Step Acquisition
In nine patients (six MM and three controls), the measurement of cIg LC was also performed using the procedure as suggested by the manufacture of the permeabilizing reagent (Fix & Perm Kit). The cells were fixed with 100 L of Reagent A and then permeabilized with Reagent B. The cells were incubated with peridinin chlorophyll protein (PerCP)-coupled anti-CD45, PE-coupled anti-CD38 and either FITC-coupled anti-kappa LC or FITC-coupled anti-lambda LC. After the incubation, acquisition of the cells and analysis of the data were performed.
Immunofixation Electrophoresis
Serum and/or urine immunofixation electrophoresis studies were performed on Sebia HYRYS system (Sebia Electrophoresis, Norcross, GA) following standardized procedures and manufactur- 
RESULTS
Two-Step Acquisition Procedure
The two-step acquisition procedure was designed to visualize the cell population that showed an increase (or shift) of FITC fluorescence intensity during the second acquisition (Figs. 1 and 2) . Because the FITC fluorescence intensity of the second acquisition was equal to the sum of surface CD45 expression obtained during the first acquisition and the cIg expression obtained during the second acquisition, this increase is specifically due to the cytoplasmic expression of either the kappa or lambda LC. For example, in Fig. 2C , the cells on the right side of the vertical line showing increased FITC fluorescence intensity during the second acquisition (as compared with the first acquisition as in Fig. 1C) were the plasma cells expressing cytoplasmic kappa LC. Similarly, in Fig. 2D , the cells on the right side of the vertical line were the plasma cells expressing cytoplasmic lambda LC.
The LC restriction was defined as a kappa to lambda ratio more than 4.0 (kappa LC restriction) or less than 0.5 (lambda LC restriction) based on commonly used criteria (7) (8) (9) . None of the 10 controls showed LC restriction. Thirteen (87%) of 15 MM patients exhibited clonal plasma cells (CD38 bright), ranging from 0.01% to 34% of the total events collected. Except Case 12 (kappa/lambda ratio of 4.5), the remaining 12 MM patients had very clear-cut LC pattern with kappa to lambda ratios well over or well under the defined cutoffs (Table 1) . Two patients failed to show monoclonal plasma cells in the peripheral blood. One of them (Case 14) had two clonal peaks of IgG lambda and IgG kappa, by immunofixation electrophoresis. So, the clonality of plasma cells could not be determined by FCM. The other patient (Case 15) was in complete clinical remission.
In 12 of 13 MM patients with monoclonal plasma cells, we identified another minute clonal population of lymphocytes (CD38 dim, CD45 bright, low forward and side scatter). This population had the same LC restriction as the plasma cells (Figs. 1 and 2 ). These cells were very few in number ranging from 0.01% to 0.6% of total events collected and may represent malignant B-cells components of MM.
To evaluate the clinical significance of this minor clonal population, we had treatment response information for nine patients with a median follow-up length of 7 months. Patients with a ratio of minor clonal population to clonal plasma cells less than 0.07 tended to remain in partial or complete remission than those with a ratio Ն0.07 ( 4 ⁄5 versus 1 ⁄4, P Ͻ .1, 2 , Table 2 ). The majority (three-fourths) of patients with a ratio Ն0.07 had progressive disease.
Comparison of the Results by Two-Step Acquisition Procedure and the Results by One-Step Acquisition Procedure
The LC restriction patterns by two-step acquisition procedure or one-step acquisition procedure were almost identical. However, the two-step acquisition method showed more distinct LC restriction pattern (more skewed kappa to lambda ratios) in plasma cells than the one-step acquisition method (Table 1) , particularly when the amount of plasma cells was small. In one case (Case 11), onestep procedure failed to demonstrate LC restriction but the two-step procedure showed an obvious lambda LC restriction. Additionally, the two-step method generally revealed a higher percentage of plasma cells than the one-step method in the same samples (Table 1) . Therefore, the comparison study of the two procedures was stopped and subsequent samples were only studied using the two-step acquisition method.
Comparison of the Results by Two-Step Acquisition Procedure and the Results by Immunofixation Electrophoresis
The LC restriction patterns in plasma cells as determined by FCM using two-step acquisition were identical to those of immunofixation electrophoresis in six of eight patients who had both studies performed. Four patients had IgG kappa monoclonal peaks, ranging from 1.6 to 4.2 gm/dL, and all of them had clonal plasma cells expressing cytoplasmic kappa LC by FCM. One patient had an IgG lambda monoclonal peak (5.9 gm/dL) and another had a monoclonal peak of free lambda chains (0.9 gm/dL); both of them had clonal plasma cells expressing cytoplasmic lambda LC by FCM.
In two patients, the results by the two methods showed discordances. One patient (Case 2) had no monoclonal peak in serum and urine by immunofixation electrophoresis but showed clonal plasma cells expressing kappa LC by FCM. The other patient (Case 14) was described as above.
DISCUSSION
We report a sensitive method for flow cytometric measurement of cIg LC that can clearly demonstrate LC restriction pattern for supporting the diagnosis of clonal proliferation of plasma cells. The LC restriction can be determined with samples containing clonal plasma cells numbering as few as 0.01% of total events collected. Additionally, this method permits us to detect another minute clonal population of B-lymphocytes in patients with MM. The results of this pilot study imply that patients in whom this minute population of cells were increased tended to have progressive disease.
Our two-step approach has several advantages over the previously reported methods (4, 6) that used similar permeabilizing agents with one-step approach. First, the first acquisition of surface markers allow us to clearly define the plasma cell population (bright CD38) without the effect of distortion of light scatter characteristics caused by permeabilization. Second, the amount of cells expressing kappa or lambda LC can be accurately determined by objective observation of the fluorescence intensity shift from the first acquisition to the second acquisition (Figs. 1 and 2 ). This results in much-improved LC restriction patterns that correlate well with those determined by immunofixation electrophoresis. However, this correlation should be validated by further studies, because only eight patients had immunofixation electrophoresis data for analysis. Third, our preliminary observations suggest that expression of other markers, such as CD56 and CD19, of the clonal plasma cells and lymphocytes can be determined using other fluorochromes coupled antibodies (data not shown). This permits the simultaneous analysis of four antigens (i.e., three surface antigens plus one cytoplasmic antigen) expression using a flow cytometer capable of three-color analysis or five antigens (i.e., four surface antigens plus one cytoplasmic antigen) expression using a flow cytometer capable of fourcolor analysis. Additionally, the sensitivity in detecting clonal plasma cells inpatients with MM is markedly enhanced by this method to as few as 0.01% of total events collected. With this sensitivity, the possibility of monitoring minimal residual disease by FCM in MM patients can be further pursued using peripheral blood samples, which are easier to obtain and less invasive than bone marrow samples. Our preliminary results show that clonal plasma cells were present in peripheral blood from two MM patients (Cases 12 and 13) at the amount of 0.06% and 0.05% of the total events collected, respectively.
By combining surface marker analysis using CD38 and CD45 and cytoplasmic LC determination, we have detected other clonal lymphocytes in addition to the clonal plasma cells in-patients with MM. These lymphocytes (as defined by expressing dim surface CD38 and strong surface CD45), which have monoclonal cIg LC identical to that of clonal plasma cells, are present not only in peripheral blood, as observed by others (10 -15) , but also in the bone marrow of MM patients. Usage of additional markers including CD19, CD20 and CD56 to further characterize the clonal plasma cells and clonal lymphocytes is currently under development.
The clinical significance of the clonal B-lymphocytes remains uncertain. It has been implied that the presence of clonal B-lymphocytes, which are not eradicated by chemotherapy, is the main cause of the incurability in MM (11) (12) (13) 16) . Neoplastic plasma cells in MM are usually depleted by chemotherapy, but recent studies have shown that the clonal B-lymphocytes survive despite intensive chemotherapy (10 -12) . In vitro, these cells express multidrug resistance protein (P-glycoprotein) encoded by MDR1 gene and exhibit a very efficient drug export capacity leading to resistance to multiple chemotherapeutic agents (10, 12, 16) . The clonal B-cells, which have the same IgH gene rearrangements as the bone marrow neoplastic plasma cells, have been suggested to be members of the malignant clone in myeloma. Our preliminary results with a small cohort of patients imply that the ratio of clonal lymphocytes to neoplastic plasma cells may correlate with clinical course. In this pilot study, the patients with ratio more than 0.07 tends to appear more likely to have progressive disease than those with ratio less than 0.07.
In summary, our results indicate that this novel procedure for determining cIg LC expression is highly sensitive with the ability to detect clonal plasma cells numbering as few as 0.01% of total events collected. Further study to evaluate the clinical significance of the monoclonal lymphocyte population identified by this method in MM patients, which may represent malignant B-cells components, is indicated.
